Aims Stretch is an important regulator of atrial function. The functional effects of stretch on human atrium, however, are poorly understood. Thus, we characterized the stretch-induced force response in human atrium and evaluated the underlying cellular mechanisms. Methods and results Isometric twitch force of human atrial trabeculae (n ¼ 252) was recorded (378C, 1 Hz stimulation) following stretch from 88 (L88) to 98% (L98) of optimal length. [Na þ ] i and pH i were measured using SBFI and BCECF epifluorescence, respectively. Stretch induced a biphasic force increase: an immediate increase [first-phase, Frank-Starling mechanism (FSM)] to 190% of force at L88 followed by an additional slower increase [5-10 min; slow force response (SFR)] to 120% of the FSM. FSM and SFR were unaffected by gender, age, ejection fraction, and pre-medication with major cardiovascular drugs. There was a positive correlation between the amplitude of the FSM and the SFR. [Na þ ] i rose by 1 mmol/L and pH i remained unchanged during the SFR. Inhibition of Na
Introduction
Stretch is a key signal in the regulation of the heart. It modulates heart rate and rhythm, force of contraction, and gene expression. In supraventricular tissue, stretch directly modulates spontaneous beating rate in the sinoatrial node 1 and force of contraction in the atrium. 2 The latter effect is mediated via the Frank-Starling mechanism (FSM). This mechanism is important for adjusting cardiac output between the right and left cardiac chambers as well as for ventricular filling in settings of impaired cardiac function. Furthermore, acute or chronic stretch of the atria can induce atrial remodelling 3 and atrial fibrillation. 4 The cellular mechanisms causing these stretchdependent alterations in atrial function, however, remain poorly understood.
Functional effects of stretch have been characterized in ventricular myocardium of animal and human hearts. Acute stretch of ventricular myocardium elicits a biphasic increase in developed force. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The first phase occurs immediately after stretch and is attributed to increased myofilament Ca 2þ sensitivity via the FSM. The second phase develops more slowly over a time course of 5-10 min and is termed slow force response (SFR). It is accompanied by an increased amplitude of the underlying [Ca 2þ ] itransient [6] [7] [8] 15 caused by elevation of SR-Ca 2þ load via modulation of Na þ /Ca 2þ -exchange (NCX). 10, 14 Modulation of NCX occurs as a result of an increase in [Na þ ] i 8,15 which attenuates forward and favours reverse-mode NCX. The stretch-dependent increase in [Na þ ] i is mediated by stimulation of Na þ /H þ -exchange (NHE) and/or stretch-activated non-selective cation channels (SACs). 8, [11] [12] [13] [14] [15] How exactly NHE becomes activated through stretch, however, is still a matter of debate. While in rat, cat, and ferret myocardium stretch-dependent release of angiotensin-II (AngII) and endothelin-1 appears to stimulate NHE to contribute to the SFR, [8] [9] [10] 16 this mechanism is not involved in rabbit and human ventricle. 12, 14 Furthermore, even after blockade of NHE and NCX, a residual SFR remained implying that additional, as yet unidentified mechanisms are involved in the SFR. 15 Despite extensive data obtained in ventricle, much less is known about stretch-induced force alterations in atrium. This is, however, of major pathophysiological relevance, because atrium is subject to even more pronounced mechanical stress than ventricle. A stretch-elicited biphasic force increase is observed in mammalian atrial myocardium. 2, 17, 18 As in ventricle, the SFR in rat atrium is accompanied by a [Ca 2þ ] i -transient increase. 2, 17 In addition, changes in action-potential morphology have been observed during the SFR. Based on modelling studies, it was suggested that increased Ca 2þ -affinity of troponin-C and activation of SACs contribute to action potential changes and SFR. 2 Direct experimental evidence for this hypothesis, however, is scarce. Furthermore, it is unknown whether additional mechanisms might contribute to the SFR in atrium and the existence of this phenomenon in human atria has never been demonstrated. Thus, the cellular mechanisms underlying the SFR in atrium remain elusive. We, therefore, set out to elucidate the existence and mechanisms of the SFR in human atrium.
Methods

Myocardium
Right atrial appendages were obtained from hearts of patients (n ¼ 125) undergoing cardiac surgery. The study was approved by the local ethics committee, and the patients gave informed written consent. The investigation conforms with the principles outlined in the Declaration of Helsinki.
Atrial trabeculae were prepared as previously described. 19 Trabeculae (n ¼ 252; diameter ¼ 0.51 + 0.01 mm) were mounted on hooks in a temperature-controlled (378C) recording chamber and electrically stimulated at 1 Hz in Tyrode's solution containing (mM): Na 
Experimental protocol
The experimental protocol was essentially identical to the protocol previously employed for studying the stretch-dependent SFR in human ventricular myocardium.
14 Briefly, trabeculae were gradually stretched to the length at which maximal force development was observed (L max ). Afterwards, length was reduced to 88% of L max (L88). After 30 min, trabeculae were stretched acutely to 98% of L max (L98). This resulted in a biphasic increase in developed force: FSM and SFR, respectively. To assess the involvement of receptors, transporters, and ion channels in the stretch responses, various drugs were used (see below). All experiments involving drugs included paired stretch protocols, i.e. first a control stretch protocol was conducted in the absence of drug; then the muscle was released to L88 and drug was applied; after 25 min, a second stretch protocol was conducted in the same muscle strip in the presence of the respective drug. 15 These conditions were found optimal for fluorescence recording. At higher temperature and stimulation frequency, dye loss from the trabeculae was accelerated and, therefore, recording of an entire experimental run in a muscle-strip was hampered. Control experiments (n ¼ 3) revealed that the stretch-dependent force responses of atrial trabeculae obtained at 378C/1 Hz stimulation or 308C/0.2 Hz stimulation were comparable. Furthermore, the SFR measured in SBFI-or BCECF-loaded muscle-strips at 308C/0.2 Hz stimulation was almost identical to the SFR obtained at 378C/1 Hz stimulation.
Measurements of [Na
Immunoblotting of atrial myosin light chain 2
Immunoblotting of myosin light chain 2 (MLC2a) was conducted using antibodies directed against phosphorylated and total MLC2a as described previously. 20, 21 Briefly, at pre-defined time points, stretched and non-stretched muscle strips were shock frozen in liquid nitrogen, homogenized, and centrifuged at 14 000 g for 10 min at 48C. The pellet was dissolved in Laemmli buffer and subjected to SDS-PAGE and immunodetection using standard immunoblot techniques. The protein-specific antibody (1Ab040; MLC2a, 1:500) was kindly provided by the CBI Antibody Core at the Center for Biomedical Inventions, University of Texas Southwestern Medical School. The phospho-specific antibody (MLC2a-P, 1:3000) was a custom-made antibody from Eurogentec (Seraign, Belgium). Immunoreactive bands were quantified by densitometry using GeneTools (Syngene, Cambridge, UK).
Stretch response in human atrium
Drugs and statistics
AngII, atrial natriuretic peptide (ANP), PD123319 (selective AT 2 R antagonist), and streptomycin (unspecific inhibitor of SACs) were from Sigma. ML-7 (specific inhibitor of MLCK) and wortmannin (inhibitor of MLCK) were from Calbiochem and KB-R7943 (inhibitor of NCX) and saralasin (unselective AT-R antagonist) from Tocris. HOE642 (cariporide, specific inhibitor of NHE1) and irbesartan (selective AT 1 R antagonist) were generous gifts from Sanofi-Aventis. Grammostola spatulata toxin, GsMtx-4 (specific inhibitor of SACs), was prepared as described previously. 22, 23 Data are presented as mean + SEM. Experimental data were evaluated by paired t-tests. Linear regression analysis was performed between SFR (dependent variable) and FSM (independent variable). The impact of patient characteristics on FSM and SFR was analysed by a multifactorial univariate analysis of variance. Since there was a significant relationship between FSM and SFR ( Figure 1B) , the FSM was additionally considered as a covariate. Figure 2A illustrates original recordings of isometric contractions of an atrial trabeculae immediately before and following acute stretch from L88 to L98. Two consecutive stretch protocols from the same muscle strip are shown. Each stretch protocol resulted in a biphasic force increase: an immediate increase (first phase, FSM) followed by a slower additional increase (SFR). The magnitudes of FSM and SFR were very similar in the two stretch protocols: 150 and 154% of twitch force developed at L88 for the FSM and 117 and 119% of twitch force developed during the FSM for the SFR. Figure 2B summarizes the results from 11 trabeculae. The amplitudes of FSM and SFR were highly reproducible amounting to 183.5 + 9.5 and 193.8 + 11.0% (both P , 0.01 vs. force at L88, F88) for the FSM and to 126.8 + 4.3 and 129.9 + 5.5% (both P , 0.01 vs. FSM) for the SFR.
Results
Acute stretch elicits a reproducible, biphasic increase in developed force in human atrium
Almost identical stretch-induced biphasic force responses were observed in atrial trabeculae from male (n ¼ 68) and female (n ¼ 33) patients. Neither FSM nor SFR correlated with the age or left ventricular ejection fraction. FSM and SFR were unaffected by drug pre-treatment ( Table 1) . Atrial fibrillation increased the FSM, whereas there was no effect of cardiovascular diseases on the SFR (Table 1) . Overall, the stretch-elicited biphasic force increase was a common phenomenon in human atrium.
Twitch kinetics following stretch and correlation between Frank-Starling mechanism and slow force response
In Figure 1A , individual twitches of an atrial trabecula obtained at L88, during the FSM and the SFR are superimposed and aligned to diastolic tension. Mean values of the twitch kinetics from 20 trabeculae are shown in Table 2 . During the FSM, twitch force increased and the twitch was prolonged. Diastolic tension, systolic tension, developed force, maximal rates of force development and relaxation, time-to-peak tension (TPT), and time from peak tension to 50% relaxation (RT50) were all increased. During the SFR, there was a decrease in diastolic tension and additional increases in systolic tension, developed force, and maximal rates of force development and relaxation. Furthermore, TPT was diminished whereas RT50 was prolonged, indicating that the relaxation was slowed down during the SFR. Figure 1B illustrates the SFR as a function of the FSM. Mean values of SFR and FSM from a total of 101 patients are shown. It is evident from these data that the larger the FSM the larger the SFR. There was a positive correlation between SFR and FSM.
Effects of stretch on [Na 1 ] i and pH i
The effects of stretch on [Na þ ] i and pH i were studied in trabeculae loaded with SBFI or BCECF, respectively. Figure 3 illustrates average results. Stretching the muscle-strips from L88 to L98 caused a SFR to 120.8 + 2.3% and a [Na þ ] i increase of 1.5 + 0.7 mM ( Figure 3A , n ¼ 6). Comparison with trabeculae stretched in the presence of the NHE inhibitor HOE642 (3 mM; n ¼ 5) revealed no significant differences in either SFR (119.4 + 5.1%) or [Na þ ] i increase (1.0 + 0.3 mM; both P ¼ N.S.). In BCECF-loaded muscle strips ( Figure 3B , n ¼ 7), the SFR amounted to 120.9 + 4.1% whereas pH i remained almost unchanged (20.04 + 0.03 pH units). 
Inhibition of NHE, NCX, and SACs does not reduce the force response to stretch
Stretch-induced stimulation of NHE and/or SACs followed by reverse-mode NCX underlies the SFR in ventricle. Therefore, we studied the possible involvement of these transporters and channels in the stretch-induced force response in human atrium. Figure 4A illustrates an original recording of an atrial trabecula stretched from L88 to L98 first in the absence and then in the presence of 5 mM KB-R7943, an inhibitor of reverse-mode NCX that largely reduces the SFR in human ventricle.
14 KB-R7943 decreased F88 by 14%. It did not, however, reduce the FSM or the SFR, which amounted to 169 and 118% before and to 214 and 125% after exposure to KB-R7943, respectively. On average ( Figure 4B, n ¼ 8) , KB-R7943 reduced F88 to 79.6 + 7.7% of control (P , 0.05) and left both FSM and SFR unaffected (both P ¼ N.S.). NHE inhibition with 3 mM HOE642 neither affected F88 nor FSM or SFR ( Figure 4B, n ¼ 6) . Specific inhibition of cationic SACs by 500 nM GsMtx-4 (n ¼ 8) or nonspecific inhibition by 80 mM streptomycin (n ¼ 6) caused a reduction of F88 by 10-20% ( Figure 4C ; both P , 0.05). Neither substance, however, reduced FSM or SFR ( Figure 4C ). The same was true when the concentration of GsMtx-4 was raised to 1 mM (n ¼ 3, not shown).
Saralasin and AngII reduce the SFR
In response to stretch cardiac myocytes release AngII. 24 AT-R antagonists can suppress the SFR 8 and autocrine/paracrine actions of AngII have been implicated in the SFR in ventricular myocardium of some species. 8 ,9 Therefore, we tested whether the AT-R antagonist saralasin was able to reduce the SFR in human atrium. Figure 5A illustrates an original recording of an atrial trabecula stretched from L88 to L98 before, during, and after exposure to 5 mM saralasin. Saralasin did not affect F88 or FSM. However, it reversibly attenuated the SFR, which amounted to 128, 116, and 129%, respectively. On average ( Figure 5B , n ¼ 9), saralasin left F88 and the FSM unchanged and significantly reduced the SFR from 125.1 + 5.7 to 110.9 + 2.4% (P , 0.05) or by 57%. AngII (0.5 mM, Figure 5B , n ¼ 8), which by itself augmented F88 to 246.7 + 45.9% of control (P , 0.05), exerted similar effects on the stretch response, i.e. it left the FSM unaffected and significantly reduced the SFR from 120.1 + 2.9 to 112.8 + 3.5% (P , 0.05) or by 36%. Stretch may also directly release ANP. Therefore, we also studied the effects of ANP on the force response in human atrium. We reasoned that, if ANP was involved in the stretch response, the stretch-induced changes in force would be Effects of drug pre-treatment and diseases on Frank-Starling mechanism and slow force response. FSM and SFR of atrial trabeculae from patients (n ¼ 101) with/without diabetes (taking insulin or oral anti-diabetics), coronary artery disease (undergoing bypass surgery), mitral valve disease (undergoing valve replacement), or atrial fibrillation pre-treated with various drugs. n indicates number of patients, þ/2 indicates with/without drug or disease. P indicates the level of significance.
blunted in the presence of ANP, as observed for AngII. ANP (20 nM, Figure 5B , n ¼ 6) reduced F88 to 86.8 + 5.0% of control (P , 0.05) and slightly increased the FSM from 214.6 + 13.0 to 238.4 + 15.3% (P , 0.01). The SFR, however, was unchanged (Ctrl: 122.8 + 3.0 vs. ANP: 133.7 + 6.3%, P ¼ N.S.).
To determine the AT-R subtype involved in the SFR, experiments were performed with 0.1 mM irbesartan, an AT 1 R antagonist, or 0.5 mM PD123319, an AT 2 R antagonist. Neither irbesartan nor PD123319 altered F88 or the FSM ( Figure 5D ). Irbesartan did not affect the SFR ( Figure 5D ). PD123319, however, reduced the SFR, as shown in the original recording in Figure 5C . The SFR in this trabecula was reduced from 112% under control conditions to 105% in the presence of 0.5 mM PD123319. This effect was completely reversible. Upon washout of PD123319, the SFR recovered to 120%. The inhibitory effect of PD123319, however, was only observed in 50% (6/12) of the trabeculae studied. In these 'responding' trabeculae, PD123319 reduced the SFR from 129.2 + 7.3 to 114.6 + 3.7% (P , 0.05) or by 50% ( Figure 5D , medium grey). By contrast, in the other 50% of trabeculae, the 'non-responding' trabeculae, PD123319 did not affect the SFR (Figure 5D, black) . Responding and non-responding trabeculae did not differ with respect to the (lack of) effect on F88 and FSM. The control SFR amounted to 129.2 + 7.3% in responding and to 113.3 + 2.6% in non-responding trabeculae (n ¼ 6 each, P ¼ 0.07).
Stretch stimulates MLCK to phosphorylate MLC2a
The results presented above suggested that autocrine/paracrine actions of AngII might underlie the SFR in human atrium. AngII activates G q -coupled receptors. Recently, some G q -coupled receptors have been shown to increase force via MLCK-mediated increases in myofilament Ca 2þ -sensitivity. 20 We, therefore, tested whether the SFR in human atrium was caused by an increase in myofilament Ca 2þ -sensitivity via stimulation of MLCK. Figure 6 illustrates an original recording (A) as well as average results (C) obtained with the MLCK inhibitor ML-7. ML-7 (10 mM) abolished the SFR completely, an effect that was fully reversible. Before, during, and after ML-7, the SFR was 114, ,100, and 113%, respectively. On average ( Figure 6C ), ML-7 reduced F88 to 82.0 + 3.2% of control (n ¼ 8, P , 0.01) and the SFR from 127.3 + 5.4 to 117.2 + 4.0% (n ¼ 8, P , 0.05) or by 37% without affecting the FSM. Similarly, wortmannin (5 mM), a different MLCK inhibitor, also reduced F88 (to 54.8 + 10.5% of control, n ¼ 5, P , 0.05) and the SFR (from 120.3 + 2.9 to 103.1 + 1.0% or by 85%, n ¼ 5, P , 0.01) without affecting the FSM ( Figure 6C, n ¼ 5) .
Reduction of basal force by ML-7 was accompanied by a reduction of the [Ca 2þ ] i -transient ( Figure 6B ). The decrease in [Ca 2þ ] i -transient amplitude, however, was smaller than the decrease in force. In six trabeculae, ML-7 reduced basal force by 12.3 + 2.5%, but [Ca 2þ ] i -transient amplitude only by 6.1 + 1.5% (P , 0.05 vs. force). Thus, ML-7 reduced force by a Ca 2þ -dependent and a Ca 2þ -independent mechanism consistent with inhibition of MLCK and reduction in myofilament Ca 2þ -sensitivity. Taken together, these results suggest that MLCK activity contributes to basal force development and that stretchdependent stimulation of MLCK is involved in the SFR. We tested this hypothesis further by determining phosphorylation of MLC2a, the major substrate of MLCK in human atrium, in stretched and non-stretched trabeculae. To this end, isometrically contracting atrial trabeculae were shock frozen either at slack length (no stretch) or following acute stretch for 10 min to muscle lengths corresponding to L98 (stretch). Figure 6D shows immunoblots of 12 trabeculae, six shock frozen after 10 min of stretch (þ) and six at slack length (2) . Average results are presented in Figure 6E . Phosphorylation of MLC2a was elevated by stretch. The ratio of MLC2a-P to MLC2a increased from 0.56 + 0.09 in nonstretched (n ¼ 18) to 0.93 + 0.10 in stretched muscle strips (n ¼ 18; P , 0.01).
Discussion
The major findings of this study are: (i) the stretch-induced biphasic force response observed in human ventricle is present in human atrium. It is a common phenomenon unaffected by a number of cardiovascular diseases and drugs.
(ii) In contrast to ventricle, the SFR in atrium is not mediated by SACs, NHE, and/or NCX. Rather, (iii) the atrial SFR is mediated, in part, by a pH i -independent mechanism involving autocrine/paracrine actions of AngII as well as increased myofilament Ca 2þ -sensitivity caused by stretchinduced stimulation of MLCK activity and subsequent phosphorylation of MLC2a. Thus, the present study identifies MLCK as an important novel target of the functional effects of stretch in human atrium.
Similarities and differences in stretch responses between atrium and ventricle
When stretched from L88 to L98, both atrium and ventricle exhibit a FSM of roughly 200% (this study 14 ) . Furthermore, both tissues are characterized by a SFR with a similar time course (5-10 min until maximum) and magnitude (120-125% of the FSM). pH i remained unchanged in physiological bicarbonate-buffered solution after stretch in both atrium and ventricle. The signalling pathways and cellular mechanisms underlying the SFR, however, appear to differ. There is ample evidence that in ventricle, the SFR is mediated in large part by stretch-dependent stimulation of non-selective cationic SACs and/or NHE, an increase in [Na þ ] I , and a subsequent increase in intracellular Ca 2þ through reverse-mode NCX. Based on the results of the current study, however, it is concluded that these mechanisms do not play a prominent role in human atrium since selective inhibition of SACs (GsMtx-4), NHE (HOE642), or NCX (KB-R7943) did not affect the SFR. In line with these findings, stretch elicited large increases in [Na þ ] i of 3-6 mM in ventricle, 8, 15 but only significantly smaller increases in [Na þ ] i of 1.5 mM in human atrium. Thus, different mechanisms must account for the major part of the SFR in human atrium.
Autocrine/paracrine actions of AngII are involved in the slow force response in human atrium
Saralasin, PD123319, and AngII, but not ANP, reduced the SFR in human atrium. This argues against stretch-dependent ANP release as a mediator of the SFR in atrium and in favour of an involvement of autocrine/paracrine release and actions of AngII, as suggested for the SFR in rat, ferret, and cat ventricle. [8] [9] [10] Although in human ventricle such a mechanism was excluded to underlie the SFR, 14 it is nevertheless conceivable that it is operating in atrium. In this regard, it is noteworthy that there are distinct differences in the actions of AngII between human atrium and ventricle. In particular, AngII elicits a positive inotropic effect in human atrium but not ventricle. 25 In fact, since both AngII and AT-R blockade by saralasin (AT 1/2 R) or PD123319 (AT 2 R) reduced the SFR, our results strongly suggest that stretchdependent release of AngII followed by activation of AT-Rs contributes to the SFR in human atrium. Using the subtypeselective antagonists irbesartan (AT 1 R) and PD123319 (AT 2 R), the AT 2 R was identified as the main mediator of AngII action. Immunoblots of phosphorylated (MLC2a-P) and total (MLC2a) myosin light chain 2 from 12 atrial trabeculae. Trabeculae were stretched for 10 min (þ) or left at slack length (2) . The ratio of MLC2a-P to MLC2a is given below the immunoblots. (E) Mean ratio of MLC2a-P to MLC2a in stretched and non-stretched muscle strips (n ¼ 18 each; **P , 0.01).
Stretch-dependent stimulation of MLCK contributes to the slow force response in human atrium
In human atrium, MLCK-dependent MLC2 phosphorylation increases force by increasing myofilament Ca 2þ -sensitivity. 26 Furthermore, the positive inotropic effect of G q -coupled receptors in human atrium is mediated in large part through stimulation of MLCK, subsequent phosphorylation of MLC2a, and increased myofilament Ca 2þ -sensitivity. 20 According to our results, both functional, pharmacological, and immunoblot data indicated that stretch stimulated MLCK to phosphorylate MLC2a and, thereby, increased force development. Increased myofilament Ca 2þ -sensitivity should prolong relaxation. In line with this, RT50 was increased during the SFR when compared with the FSM. Thus, the present study has identified a novel mechanism underlying the SFR in human myocardium. The stretchdependent increases in MLCK activity and MLC2a phosphorylation found in vitro are consistent with the observation that in vivo exercise-induced elevations in haemodynamic parameters are associated with increased MLC2 phosphorylation. 27 Presumably, stretch-mediated stimulation of MLCK is not only of immediate functional relevance for force development under conditions of elevated mechanical load, it might also have important implications for the longterm effects of stretch on atrial structure. MLCK mediates sarcomere organization in response to hypertrophic stimuli such as AngII or endothelin. 28 Reduction of the MLC2 phosphorylation level or mutations in MLC2 underlie some forms of hypertrophic cardiomyopathy. 26 Furthermore, when MLC phosphorylation is prevented, the heart develops structural and functional abnormalities including ultrastructural changes of the myocytes and atrial hypertrophy and dilatation. 29 Therefore, stretch-dependent stimulation of MLCK may serve a dual purpose in that it mediates the increase in force development necessary to maintain atrial function as short-term adaptive response and, in addition, that it contributes to structural changes in the atria during hypertrophy as long-term adaptive response to mechanical overload.
Limitations of the study
A possible limitation of the study is the development of core hypoxia in the atrial trabeculae. Careful experiments on rat trabeculae have shown that the critical diameter at which preparations develop core hypoxia is 0.2 mm. 30 Trabeculae in this study had larger diameters (0.51 + 0.01 mm, n ¼ 252). Although we have no indication for functional impairment of the trabeculae (e.g. positive force-frequency relationship), we cannot exclude the possibility of core hypoxia. Nevertheless, this is unlikely to affect the general findings and conclusions of this study.
